Analysis of plasmids containing ilvIH-galK fusions indicated that the Escherichwa coli ilvIH promoter and sequences sufficient to cause leucine repression lie within 363 base pairs (bp) of ilvI. Experiments designed to locate the promoter and regulatory sequences more precisely gave the following results. The positions of the 5' endpoints of both unlabeled and pulse-labeled ilvlH mRNAs transcribed in vivo lie 30 bp upstream of ilvl. By contrast, the major in vitro RNA endpoints lie at positions further upstream. Several mutations which increase the expression of ilvIH lie 40 to 50 bp upstream of ilvI, within a putative promoter termed P1. Deletion of a 50-bp region immediately upstream of ilvI, which includes P1, resulted in the loss of all ilvlH promoter activity. Deletion of sequences more than 200 bp upstream of ilvl reduced ilvlH promoter activity by more than 80%. These results suggest that transcription of the ilvlH operon is initiated from promoter P1 but that sequences more than 200 bp upstream are required for optimal transcription of the operon.
The first reaction common to the biosynthesis of valine, isoleucine, and leucine is catalyzed by acetohydroxyacid synthase (AHAS) (11) . Escherichia coli K-12 produces two AHAS isozymes, AHAS I and AHAS III, encoded by ilvB and ilvIH, respectively (20) . ilvI and ilvH together comprise an operon and code for polypeptides with molecular weights of 61,000 and 17,000, respectively (21, 41, 42) . The ilvI polypeptide is absolutely required for AHAS III activity, whereas the ilvH polypeptide enhances AHAS III activity and may also confer upon it sensitivity to inhibition by valine (42) . The expression of the ilvIH operon is negatively controlled by leucine (12) at the level of transcription (42) .
As a first step in determining the mechanism by which the ilvIH operon is regulated, we characterized sequences upstream of ilvI. We show that the ilvIH promoter and sequences involved in leucine regulation of ilvIH lay within 363 base pairs (bp) of the ilvI gene. Analyses of ilvIH mRNA 5' endpoints and of deletion and point mutations suggest that transcription initiates within 30 bp of ilvI. However, optimal transcription of the ilvIH operon was markedly dependent upon sequences more than 190 bp upstream of ilvI. The organization of the ilvIH promoter is compared with that of other well-studied bacterial promoters, particularly with respect to the location and influence of upstream sequences.
MATERIALS AND METHODS
Strains and growth conditions. The bacterial strains, plasmids, and M13 bacteriophages used in this study are described in Table 1 . L broth (LB [30] ) and SSA (7) supplemented with 0.2% glucose and with amino acids (50 ,ug/ml) and vitamins (5 jig/ml) where needed were used as rich and minimal media, respectively. SSA contains the following (grams per liter of distilled water): K2HPO4, 10.5; KH2PO4, 4.5; (NH4)2SO4, 1.0; sodium citrate dihydrate, 0.97; MgSO4, 0.05. MOPS (morpholinepropanesulfonic acid) minimal medium (32) supplemented with glucose (0.2%), amino acids (50 jig/ml), vitamins (5 ,ug/ml), NaHCO3 (10 mM), and K2HPO4 (0.2 mM) was used to grow cells for isolation of RNA sequencing (26, 36) ; isolation of unlabeled DNA fragments from agarose gels by electroelution (25) and from 2-mm-thick polyacrylamide gels (39) ; isolation of radioactive DNA fragments from 0.4-mm-thick polyacrylamide gels (39; the maceration step was omitted, and DNA was not purified by DE52 chromatography); conversion of 5'-protruding ends to blunt ends, using reverse transcriptase (39; all necessary nucleoside triphosphates were added to reaction mixture); and phage M13 manipulations (29) .
Enzyme assays. Cells were grown at 32°C and assayed for AHAS by the procedure of DeFelice et al. (10) . For galactokinase assays, strains carrying pKO1-derived plasmids were grown to an A550 of 0.6 to 0.7 in 25 ml of minimal medium containing ampicillin (100 ,ug/ml) and chloramphenicol (30 ,ug/ml). Cells in 5-ml samples were centrifuged at 9,500 x g for 10 min at 4°C and stored at -20°C. Cell pellets were resuspended in 2 ml of lysis buffer (1 mM EDTA, 1 mM dithiothreitol [DTT] , 20 mM Tris hydrochloride [p1I 8]) and lysed at 3,000-lb pressure in a French pressure cell (0.95-cmdiameter piston) at 4°C. Debris was removed by centrifugation at 18 ,700 x g for 15 min at 4°C, and the crude extract was diluted 30-fold in lysis buffer containing 0.1 mg of bovine serum albumin per ml. Extracts were assayed for galactokinase activity by a modification of the procedure of McKenney et al. (28) . The reaction mixture contained 1 mM [14C]galactose (4 x 106 cpm/mmol; Amersham Corp.), 1 mM DTT, 3 .2 mM NaF, 4 mM sodium phosphate (pH 6.0) and, 1 mM EDTA. Under these conditions, the ability of the DNA sample to transform cells to ampicillin resistance was reduced by 90%. After the sample was dialyzed (18) , it was used to transform strain M1316, with selection being made simultaneously for isoleucine and valine prototrophy, resistance to leucine, and resistance to ampicillin (minimal agar plates contained 250 ptg of leucine and 100 jig of ampicillin per ml and were incubated at 32°C). An amount of unmutagenized DNA that gave 10,000 ampicillin-resistant transformants yielded 5 to 10 leucine-resistant mutants after mutagenesis. DNA prepared from single colonies (5) was used to retransform strain M1316 under the same conditions to identify those mutants in which leucine resistance was caused by a mutation on the plasmid.
RESULTS
Nucleotide sequence of the region upstream of ilvI. The nucleotide sequences of ilvI and of ilvH were reported earlier (41) . The sequence of a 365-bp region immediately upstream of ilvI was determined by the procedures of Maxam and Gilbert (26) (Fig. 1 and 2 Fig. 1 ]) had promoter activity when cloned into plasmid pKOL. A strain carrying plasmid pCV53 (HaeII1361 oriented in the same direction as galK) produced high levels of galactokinase activity, whereas the same strain containing plasmid pCV65 (HaeIII361 oriented in the opposite direction) had no galactokinase activity (Table 2) .
For some strains of E. coli, expression of the ilvIH operon is repressed about 8-to 10-fold when cells are grown in the presence of leucine, whereas in other strains, repression is 2-to 3-fold (12, 42) . For the experiment described in Table 2 , galactokinase assays were performed on cells grown both with and without exogenous leucine. Leucine caused a two to threefold repression of galactokinase activity in W3102 strains carrying plasmid pCV52 or pCV53 but no repression of galactokinase activity in strains carrying plasmid pKO1 (no promoter) or pKO110 (lacUVS promoter; Table 2 ). The level of galactokinase in a strain carrying plasmid pCV53 was not significantly repressed when cells were grown in the presence of 50 ,ug of isoleucine, proline, or threonine per ml (data not shown).
The copy number of plasmids such as pKO1 that carry the ColEl replicon can decrease more than 10-fold with the insertion of some promoters (1, 43) . We measured the copy number of pKO1-derived plasmids relative to plasmid pSE150, a low-copy-number plasmid derived from plasmid pDPT427 (R plasmid replicon [40] ). The relative copy number of pKO1-derived plasmids did not vary greatly, usually less than twofold, in cells grown with or without leucine ( Table 2 ).
The data in Table 2 . Bands corresponding to a full-length probe may represent hybridization of readthrough RNAs whose synthesis was initiated at upstream plasmid promoters. When the noncoding strand of fragment MspI455 was used as a probe (data not shown), or when E. coli tRNA replaced bacterial RNA (Fig. 3B, lane 2) , no bands were observed. Similarly, when the experiments described above were repeated with fragment MspIlSau3A325 as a probe (lacking 52 bp immediately upstream of ilvI [ Fig. 1]) , no major RNA endpoints were found, although the minor endpoints at positions -96, -177, and -236 were observed (data not shown). RNA from strain PS1035 (single chromosomal copy of ilvIH), when probed with the coding strand of fragment MspI455, produced S1 nuclease mapping results indistinguishable from those observed from CV696 RNA except that the signal for the same amount of RNA was weaker (data not shown).
The effect of L-leucine on the frequency and distribution of 5' endpoints of ilvIH mRNA was investigated by carrying out S1 nuclease mapping experiments with RNA isolated from strains grown with and without leucine. For plasmidcontaining strains CV696 [PS1281(pCV35)] and CV670 [MI316(pCV7)], leucine caused 2-to 3-fold and 5-to 10-fold decreases, respectively, in the number of RNA molecules hybridizing to the coding strand of fragment MspI455 (Fig.  3A, lanes 2 and 3, and 3B, lanes 3 and 5) . On the other hand, leucine had no effect upon the distribution of endpoints, i.e., the major endpoints all map to the region -25 to -35, irrespective of whether cells were grown in the presence or absence of leucine (the relevant bands in Fig. 3A , lane 3, are difficult to see but are evident in the radioautogram). The same results were obtained from haploid strain PS1035 grown in the presence of leucine except that the corresponding bands were weaker (data not shown). These results complement those obtained previously by Squires et al. (42) , who observed that the rate of synthesis of ilvIH mRNA was reduced 8-to 10-fold by growing strain CV670 [MI316(pCV7)] in the presence of leucine.
5' endpoints of ilvIH mRNA transcribed in vitro. Several plasmid DNAs were transcribed in vitro with purified RNA polymerase, and the products were analyzed by Si nuclease mapping. For RNA transcribed in vitro from plasmid pCV52 (a pKO1 derivative containing HincII1733) and hybridized to the coding strand of fragment MspI455 (Fig. 1) , only a small proportion of the endpoints corresponded to the major RNA endpoints detected in vivo (Fig. 3C, compare lanes 1 and 2; band sizes 104 to 114 corresponded to positions -25 to -35 in Fig. 2 ). Most transcriptions initiated at positions upstream of -35. The four most prominent bands of approximately 175, 240, 255, and 288 bases represented RNA molecules initiating at positions -96, -160, -177, and -210 (Fig. 2) . The two most abundant of these species (175 and 255 bases, representing initiation at positions -96 and -177) corresponded exactly in mobility with two of the minor RNA species detected by S1 mapping of in vivo RNA (these bands are too faint to be seen in Fig. 3C, lane 1) . As expected, when RNA transcribed from plasmid pKO1 was hybridized to the coding strand of fragment MspI455 (Fig. 3C, lane 4) (Fig. 1) , and the products were treated with RNase and fractionated on a sucrose gradient as described in the text. Samples were denatured and fractionated on a 5% polyacrylamide-50% urea (A) or 10%o polyacrylamide-50% urea (B) gel at 1,000 V for 4 h. Alternatively, samples were treated with S1 nuclease and fractionated at 1,000 V for 4 h on a nondenaturing 5% polyacrylamide gel (C). when the noncoding strand of fragment MspI455 was hybridized with any of the RNA samples described above (data not shown), no major bands were observed. All of the RNA endpoints detected upstream of position -51 ( Fig. 2 and Fig.  3C , lane 2) were also detected when the coding strand of fragment MspI-Sau3A325 (Fig. 1) Total cellular RNA of strain ID86 was pulse-labeled with 32p for 3 min, a short period considering the time required for uptake and incorporation into the a-phosphate position of ATP (6) . The pulse-labeled total cellular RNA was hybridized to single-stranded phage M13mp8 DNA containing sequences from ilvIH ( Fig. 1) , and the products were digested with RNase. M13 DNA (including DNA-RNA hybrids) was purified on sucrose gradients, and the DNA-RNA hybrids were denatured and fractionated on polyacrylamide gels ( Fig. 4A and B) . No RNA species were protected when M13mp8 alone was used as a probe (Fig. 4A, lane 3 and 4B, lane 3) or when the probe carried the noncoding strand of fragment Hinfl457 (Fig. 1) (data not shown) . To further test the reliability of these procedures, probes containing bacterial DNA entirely from ilvI were employed (Fig. 1, Hae1II174 J. BACTERIOL. (Fig. 1) (Fig. 2) .
The same analysis was carried out with fragment HaelIISau3A312 (Fig. 1 ) which contains upstream DNA except for 52 bp immediately adjacent to ilvI. This probe did not protect any species of RNA. Thus, under the conditions of these experiments, we were unable to detect transcription initiated upstream of position -50 (Fig. 4B, lane 4) .
Beneath the higest-molecular-weight RNA species protected by the M13 probes are a number of obvious additional bands (Fig. 4A, lanes 2, 4, and 5 , and 4B, lanes 2 and 5). Moreover, the highest-molelcular-weight species of RNA protected was not usually the predominant one. We suspected that these bands did not represent transcripts with initiation points further downstream, but rather were degradation products created either in vivo or in vitro. To test this hypothesis, the experiment described above was repeated except that the nucleic acids purified on sucrose gradients were treated with Si nuclease to remove single-stranded M13 DNA and fractionated on polyacrylamide gels under nondenaturing conditions. Under such conditions, most nicked RNA molecules should be held together by hybridization to DNA. The results of this experiment with probes containing fragments HinfI457 and HaeII1174 are shown in Fig. 4C,lanes 1 and 3. Unlike the results shown in Fig. 4A , the highest-molecular-weight species of RNA protected were in the predominant ones, supporting the hypothesis given above (306 and 174 bases protected from HinfI457 and HaeII1174, respectively). Further, the results strongly suggest that the RNA degradation observed in Fig. 4A and B did not occur in the cell or at any time before hybridization. Had degradation occurred before hybridization, two RNA fragments would not likely have hybridized to the same DNA molecule, given that DNA was in great excess in these experiments.
The effect of L-leucine on the frequency and distribution of ilvIH mRNA 5' endpoints was investigated by similar techniques. 32P-pulse-labeled RNA isolated from strain ID86 grown with and without leucine was hybridized to M13 probes containing fragments Hinf1457, Hinfl-Ndel349, and HaeIII174. Leucine had no effect on the distribution of ilvIH mRNA endpoints, i.e., the endpoints mapped to position -30 for either condition of growth, but the extent of the signal was 5-10 fold lower for samples isolated from cells grown in the presence of leucine (data not shown). These results complement those obtained from Si mapping studies using unlabeled RNA.
Mutations causing elevated expression of AHAS III. Strain CV670 [MI316(pCV7)] contains low AHAS activity because the ilvIH operon on plasmid pCV7 is missing about 100 base pairs of DNA from the promoter-distal end of ilvH (21, 42) . The low AHAS activity is further reduced by leucine with the consequence that strain CV670 does not grow in a leucine-containing medium. This phenomenon was exploited to select leucine-resistant mutants from strain M1316 (lacking AHAS activity because of mutations in ilvB and ilvI) transformed with hydroxylamine-treated pCV7 DNA. AHAS levels in eight leucine-resistant mutants were significantly higher than in strain M1316 carrying unmutagenized plasmid pCV7 (Table 3 ). The increase in AHAS activity varied from about 2.5-fold for strain ID63 to 33-fold for strain ID64. For most strains, addition of leucine to the growth medium caused a 1.5-to 2.5-fold repression effect, but for two strains, ID64 and ID65, the repression effect was 6-to 8-fold. As expected, valine did not inhibit AHAS activity in extracts prepared from these strains (42) . For each of the strains identified in Table 3 , the mutation leading to elevated AHAS activity was shown to be plasmid linked by transforming strain M1316 with isolated plasmid DNAs and observing elevated AHAS activity in the resulting strains. For six of the strains, plasmid DNAs were isolated, and sequences of the HaeIII-NcoI364 fragments derived from them ( Fig. 1) were determined. The fragments from plasmids pCV97, pCV98, and pCV99 (strains ID64, ID65, and ID66, respectively) had the same sequence as that of the wild type. The positions of the mutations giving rise to elevated AHAS levels have not been located on these plasmids. Plasmids VOL. 163, 1985 A. i (184) pCV89 (242) D. pCV94 (strain ID61) and pCV95 (strain ID62) had the same mutation, a G-*A transition at position -40, and plasmid pCV96 (strain ID63) had a G--A transition at position -50 (Fig. 2) .
Deletion analysis of the ilvIH control region. A nested set of deletions extending into the region upstream of ilvI was created by BAL31 treatment of linearized plasmid pCV53 ( Fig. 2 and 5 ). The effects of these deletions on transcription of galK in vivo were evaluated by assaying galactokinase activity in plasmid-containing strains groWn in the absence of leucine (Fig. 6A) . A deletion removing 27 bp had no effect upon expression of galK ( Fig. 6A and C; plasmid pCV77) . Deletions removing more than 27 bp had.progressively more severe effects upon galK expression ( Fig. 6A and C; plasmids pCV84, pCV85, pCV75, pCV86, and pCV76). A reduction of more than 80% was observed for deletions of 165 or more base pairs of chromosomal sequences. For all the cases described above, which represent deletions coming from the left, a level of promoter activity remained that was at least five times the background activity observed for promoterless plasmid pKO1 (Table 2) . For the most extensive of these deletions, that in plasmid pCV82, only 94 bp of DNA upstream of ilvI remained. On the other hand, a deletion created by subcloning that removed 49 bp of DNA immediately upstream of ilvI ( Fig. SC; plasmid  pCV101 ) reduced galK expression to background levels (Table 2 ).
For two reasons the changes in galactokinase levels associated with these deletions are not likely a result of changes in ihe vector sequences. First, variations in galactokinase levels were correlated with the number of base pairs of ilvIH sequences, and not of vector sequences deleted. For example, plasmid pCV84 with 140 bp of vector sequences deleted gave relatively high galactokinase activity, whereas plasmid pCV79 with 90 bp of vector sequences deleted gave low galactokinase activity (Fig. SC) . Second, the deletion in plasmid pCV89 (produced by subcloning rather than by BAL31 digestion; therefore, no vector sequences were deleted [ Fig. SC] ) caused a drop in galK expression that was comparable to that caused by deletions from the nested set that had similar endpoints within ilvIH sequences ( Fig. 5C and 6A ; compare results for plasmids pCV76, pCV79, and pCV89). Furthermore, the results are not accounted for by variations in plasmid copy number because the shape of the curve in Fig. 6A is the same for galactokinase activity uncorrected or corrected for plasmid copy number.
The effect of growth in the presence of leucine upon galK expression is shown in Fig. 6B . For growth in the presence of leucine, galK was expressed at a low, near constant level, irrespective of the extent of the deletion. Note that the repressed level was about the same as that observed for strains grown in the absence of leucine but carrying plasmids with extensive deletions ( Fig. 6A and C ; plasmids pCV76, pCV89, pCV79, and pCV82). C. (Fig. 2) relative to ilvI. The amount of this region remaining in the indicated plasmids after deletion is shown underneath. Assays were done in duplicate or quadruplicate. Data are included for three separate experiments indicated by the following symbols: 0 and 0, strains CV709, CV794, CV795, CV798, CV801, CV803, CV804, CV805, and CV806 (strain W3102 containing plasmids pCV53, pCV75, pCV76, pCV79, pCV82, pCV84, pCV85, pCV86, and pCV89, respectively); O and *, strains CV787, CV808, CV809, CV810, CV811, CV812, and CV813 [strain W3102(pSE150) containing plasmids pCV53, pCV75, pCV76, pCV82, pCV84, pCV85, and pCV89, respectively]; A and A, strains CV787, CV808, CV809, CV810, CV811, CV812, CV813, CV818, CV819, and CV820 [strain W3102(pSE150) containing plasmids pCV53, pCV75, pCV76, pCV82, pCV84, pCV85, pCV89, pCV77, pCV79, and pCV86, respectively]. Uncorrected (Fig. 5) . These results indicate that there is at least some promoter activity immediately upstream of ilvI. The simplest interpretation of these data is that in vivo, transcription of the ilvIH operon is initiated near position -30 from a promoter termed hereafter P1. This is assumed to be true for the remainder of this discussion.
The -10 and -35 regions of promoter P1 are identified in Fig. 2 by bars. Mutation ilv-753 (and an identical mutation, ilv-752), which increased expression of ilvIH threefold (Table 3), is a G--A transition that brings the -10 region closer to the consensus for E. coli promoters (position 40 [ Fig. 2] ) (19) . Mutation ilv-754, on the other hand, lies between -10 and -35, in a region not normally considered important for promoter strength. However, a mutation in an analogous position in the lacPJ promoter (13, 19) results in increased expression of the lac operon.
The ilvIH promoter activity associated with fragment HaeIII361 is equivalent to that of a moderate-strength promoter, with two-to threefold greater strength than that of the lacUV5 promoter (Table 2) . However, promoter P1 by itself was relatively weak both in vivo (for example, in plasmid pCV82; Fig. 6 ) and in vitro (Fig. 3) . Both of these experimental estimates of promoter strength are consistent with the low calculated estiniate based upon comparisons to a consensus sequence (31) . The A number of other bacterial promoters with low homology ratinlgs are known to require activators in vivo, including the cat promoter (24) , XPRM (27) , the araBAD promoter (23, 33) , ilvGEDA promoter P2 (C. W. Adams and G. W. Hatfield, personal communication), galPi (2) , and lacPJ (13) . For example, promoters XPRM (34) and lacPJ (13) are activated by the binding of A cI repressor and catabolite activator proteins, respectively, to upstream sequences. The araBAD promoter requires the binding upstream of both the catabolite activator protein and the araC gene product for activation (23, 33 Fig. 2] ). The positions of the three putative promoters within HaeIII361 ranking above 50 and oriented towards ilvIH are shown in Fig. 2 (labeled P4, P3, and P2). These three putative promoters could give rise to three of the four major species of RNA transcribed in vitro from this region (5' endpoints at -96, -177, and -210 [ Fig.  2 and 3] ). Moreover, P4 and P3 lie within the region identified by deletion analysis as being required for optimal transcription of the ilvIH operon (Fig. 6) (Fig. 3) . However, transcription from promoter P1 itself (without upstream sequences) was not repressed by leucine (Fig. 6) . Thus, leucine repression and promoter P1 activation by upstream sequences may represent different aspects of the same regulatory mechanism.
